Personal exposures to nitrogen dioxide ( NO 2 ) were monitored for 176 randomly selected inhabitants ( 25 ± 55 years old ) of Helsinki Metropolitan area as a part of the EXPOLIS ( Air Pollution Exposure Distributions Within Adult Urban Populations in Europe ) study between October 1996 and December 1997. NO 2 measurements were 48 -h averages collected by Palmes passive sampler tubes. Differences in personal exposures to NO 2 were analyzed between subpopulations stratified by microenvironment, behavioral, socioeconomic and demographic factors. Factors significantly associated with differences in exposures to NO 2 were home and work location, housing characteristics, traffic volume near home, season and keeping windows open at home. Exposure to environmental tobacco smoke ( ETS ) and use of gas stove were also associated with increased personal exposures, although only few participants had a gas stove in Helsinki, and other gas appliances are non -existent. Single adults had higher average exposures to NO 2 than married or cohabiting participants, suggesting differences in living conditions between these two groups. Increased education was associated with decreased exposures to NO 2 and employed men were more exposed than unemployed men. Increased exposures to NO 2 were not associated with age or occupational status in Helsinki. Thus, behavioral and sociodemographic factors may have significant impact on personal exposures to NO 2 and should be considered in addition to environmental determinants in any monitoring program.
Introduction
Personal exposures to nitrogen dioxide (NO 2 ) have been measured in several studies (Dockery et al., 1981; Noy et al., 1986; Quackenboss et al., 1986; Spengler et al., 1994; Alm et al., 1998; Levy et al., 1998; Monn et al., 1998 ) . Most of these studies have focused on the impacts of NO 2 sources and microenvironment concentrations on personal exposures. Main indoor sources of NO 2 , aside from NO 2 from outdoor air which is usually dominated by traffic emissions, are gas stoves and other unvented combustion devices which use gas or kerosene as fuel, e.g., heaters. Environmental tobacco smoke (ETS ) has been associated with higher indoor NO 2 concentrations in some microenvironment exposure studies (Leaderer et al., 1986; Neas et al., 1991 ) . In addition, exposure to ETS has been associated with higher personal exposures to NO 2 of adults (Levy et al., 1998; Monn et al., 1998 ) and children (Linaker et al., 1996; Alm et al., 1998 ) . Smoking status of parents, however, did not affect children's personal NO 2 exposure levels in a Swedish study (Berglund et al., 1994 ) . Differences in personal exposures to NO 2 between population subgroups ( sociodemographic differences ) and other determinants ( like home location, commuting time, season of year, keeping windows open ) have been reported in only few studies ( Neas et al., 1991; Levy et al., 1998; Alm, 1999 ) . Most NO 2 personal exposure samples have been collected using Palmes tubes (Palmes et al., 1976 ) or other passive samplers. Although these light and small tubes are well suited for collection of personal samples, only timeweighed average NO 2 concentrations during study periods (typically 48 h to 1 week ) can be measured and possibly more harmful peak concentrations are not detected.
EXPOLIS ( Air Pollution Exposure Distributions Within Adult Urban Populations in Europe) is a European multicity ( Athens, Greece; Basel, Switzerland; Grenoble, France; Helsinki, Finland; Milan, Italy; and Prague, Czech Republic) air pollution exposure study. EXPOLIS focused on personal exposures to NO 2 , fine particles ( PM 2.5 , particulate matter with 50% cut -off aerodynamic diameter of 2.5 m ), carbon monoxide ( CO ) and 30 target volatile organic compounds ( VOCs ). Exposure determinants can be identified using extensive questionnaire information, and exposure distributions within specific sub -populations can be evaluated .
In the present paper, we analyze how microenvironment, behavioral and sociodemographic factors evaluated using questionnaires ( e.g., in epidemiological studies ) may explain measured exposure differences between population groups within a city. The impacts of the measured ambient air, workplace concentrations, residential indoor and outdoor NO 2 concentrations measured in EXPOLIS study on personal exposures are the subject of a related paper ( Kousa et al., 2001 ) and will not be addressed here.
The objectives of this paper are to assess:
o The behavioral and microenvironment determinants of personal exposures to NO 2 in Helsinki; o The relationship between socioeconomic and demographic factors and personal exposures to NO 2 in Helsinki; and o Possible reasons for the observed exposure differences between different sub -populations.
Methods
A random sample (n =2523) of working age ( 25± 55 years old ) inhabitants was selected from the census in Helsinki. A total of 1882 people responded to a mailed questionnaire ( response rate of 75% ). NO 2 exposure monitoring was completed successfully for 176 of 201 participants drawn randomly from these respondents. This sub -population was representative of the overall population of the same age in Helsinki (Rotko et al., 2000a ) . Personal exposures and microenvironment concentrations of NO 2 , together with questionnaire and time± activity ± diary data, were collected from these participants in Helsinki during the period from October 1996 to December 1997. A 6 -month pilot phase was carried out to develop and test methodologies and quality assurance /quality control (QA /QC ) procedures before field sampling. Each participant carried a personal monitor case. Passive diffusion Palmes tubes ( Palmes et al., 1976 ) attached to these cases sampled NO 2 in the surrounding air for a 48 -h sampling period. For preparation of the tubes, three stainless steel screens were coated with triethanol-amine and fixed to one end of a polyethylene tube (l= 7.6 cm, d =1.5 cm). Both ends of the tube were closed with polyethylene caps. For the sampling period, the removable cap from the end without the absorbent screens was taken off. The tubes were stored in a dark refrigerator before and after exposure for a maximum of 2 months. All EXPOLIS NO 2 tubes were analyzed in ETHZ, Switzerland using a spectrophotometric method ( Saltzmann, NEDA; Monn et al., 1998; Palmes et al., 1976 ) . NO 2 concentrations in air were calculated according to Fick's law.
Ambient air NO 2 concentrations were monitored by chemiluminescence monitors of the Helsinki Metropolitan Area Council ( YTV ) urban air quality monitoring.
Duplicates and Blanks
Duplicate samples and both laboratory and shipment blank tubes were used to assess repeatability of NO 2 measurement. Laboratory blanks were stored in the analyzing laboratory (n =5 ) , and shipment blanks were included for each shipment batch of Palmes tubes and stored in a dark refrigerator ( n= 5) in each EXPOLIS center. Low blank levels observed in the shipment blanks (mean of 0.10 g/ m 3 ,``sampling'' time varying between 336 and 1440 h depending on the length of stay of each batch ) indicated that the pre -and post -sampling lag times had only marginal impact on the measured NO 2 levels. Mean absorbance of laboratory blanks varied between 0.00 and 0.01 g/m 3 for 10 batches and was subtracted from the measured NO 2 concentrations.
Side -by -side duplicate sampling was performed for almost each participant. Most duplicates were measured in residential outdoor microenvironments ( n =155 ), but duplicates were measured also in other microenvironments (residential indoor n = 4, work indoor n =3 ) and in personal exposure monitoring (n =5 ) ( Figure 1 ) . On average, the absolute difference between NO 2 duplicates was 2.9 ( 3.68 ) g/m 3 . The relative precision of duplicate measurements was determined by calculating the standard deviation of the absolute differences between each pair of measurements, and dividing by the overall mean concentration. Taking all duplicate samples together, the NO 2 measurements showed a relative precision of 15.0%. When categorizing the measurements by sample type, the relative precision was Figure 1 . Relationship between main NO 2 measurements and duplicate NO 2 measurements in EXPOLIS -Helsinki ( y = 0.92x + 1.65, R 2 = 0.86, P = 0.000 ) .
4.3% for the indoor, 15.0% for the outdoor, 10.7% for the workplace and 14.1% for the personal duplicates.
Statistical Analyses
A recall questionnaire completed by the participant at the end of the 48 -h measurement period was used to assess factors that could affect personal exposures to NO 2 . The following variables were assessed: ( a) environmental Ð home location, home type, built year of house, home floor area, heating, traffic volume near home, work location, season; ( b) behavioral Ð ETS exposure, keeping windows open, use of gas stove, time spent in traffic; ( c) demographic Ð gender, age, number of adults and children in household; and ( d ) socioeconomic Ð occupational status, years of education, employment status. Downtown within home and work location refers to living or working in Helsinki city center, or in an industrial area, and suburban refers to other less densely built areas. Single family house includes both attached and detached small houses. No extra heating means district heating as gas or kerosene heaters were not used in Helsinki. Summer was defined as the period from April to September and winter from October to March. Participants exposed to ETS were exposed to tobacco smoke at home or in the workplace. Traffic volume near home was assessed to be low (few cars every now and then, during daytime, Monday through Friday ), moderate (many cars passing by ) or high ( a continuous flow of traffic ) by the participant. White -collar occupational status includes both upper (employees with administrative, managerial, professional and related occupations ) and lower (employees with administrative and clerical occupations ) white -collar employees, and non -white -collar occupational status consists of all the rest, workers, students, retired, housewives and unemployed. A natural logarithm transformation was applied to all NO 2 concentrations before analyses as the concentration distributions were positively skewed. Three tests were used for NO 2 concentrations stratified by variables that were divided into two groups. The t-test was used to compare population means. In addition, two non -parametric tests were used; Wilcoxon two-sample test to compare medians and Kolmogorov ± Smirnov two -sample test to compare (Table  1 ) . Those living downtown, in high -rise buildings, in buildings built before 1970 or in small ( < 60 m 2 ) apartments were significantly more exposed than participants in suburban areas, single family homes, recently built buildings and medium size or large apartments, with differences in arithmetic means ranging from 3 to 7 g/ m 3 . Workplace location (downtown versus suburban ) had a similar impact on NO 2 exposure as home location with a difference in arithmetic means of 6.4 g/m 3 . Most of the building stocks in Helsinki are heated by district heating. Heating with oil or supplementary heating with wood had a small, but insignificant, impact on personal exposures to NO 2 . Self -reported high traffic volume on the street next to home was associated with significantly increased NO 2 exposure. In summer periods (April ±September ) , average exposures to NO 2 were 3.5 g/m 3 higher than in winter periods (October ± March ) .
The largest increase in personal exposures ( arithmetic mean 8.4 g/m
3 ) was associated with the use of gas (versus electric ) stove ( Table 1 ) . This difference, however, was only marginally significant due to the small proportion of residences with gas stoves in the sample (9 /176 ). Keeping windows open at home ( ! 20 h/ 48 h ) was also associated with increased average exposure to NO 2 ( mean difference =5.8 g/m 3 ) . On average, participants kept their windows open ( ! 20 h/ 48 h ) more often in summer (45% of those measured in summer ) when NO 2 outdoor concentrations were higher, than in winter ( 7% of those measured in winter ) ( Pearson 2 = 36.60, P= 0.000 ) . Not surprisingly, participants exposed to ETS ( we did not measure the inhaled dose from active smoking ) had higher average NO 2 exposures than non -ETS -exposed individuals (mean difference = 3.7 g/m 3 ) . No association was observed between commuting time and exposures to NO 2 .
Sociodemographic Descriptors of Exposures to NO 2
Personal exposures to NO 2 were significantly associated with level of education and number of adults in the household (Table 2 ) . Less educated and single participants had somewhat higher exposures than educated ( ! 14 years ) and married or cohabiting participants. Differences in arithmetic means were 1.9 and 2.8 g/m 3 , respectively. Single participants lived more often in downtown areas (35% ), high -rise buildings ( 82% ) , old ( < 1970 ) (48% ) and small ( < 60 m 2 ) (69% ) apartments than married or cohabiting participants (19%, 56%, 31% and 26%, respectively ) (Pearson 2 P values varying between 0.000 <P < 0.056 ). In addition, employment status influenced exposure to NO 2 , with employed having higher exposures than those not employed, but this difference was only significant for men ( mean difference = 5.9 g/m 3 ) (data not shown ). No significant differences in personal exposures to NO 2 were observed between the genders, age groups, occupational status or number of children in the household.
Multiple Regression Models
The first multiple stepwise regression model applied fixedsite NO 2 concentrations and questionnaire data (Table 3a ) . In addition to fixed -site concentration, questionnaire variables built year of home and home and work location were significant, but other questionnaire variables were excluded. The second model applied residential outdoor NO 2 concentrations and questionnaire data (Table 3b ). In addition to residential outdoor NO 2 concentration, keeping windows open and education level were significant variables in predicting personal NO 2 exposures.
Discussion
Average personal exposure to NO 2 among adults in Helsinki was 25 g/m 3 , which was similar to that measured in the (Monn et al., 1998 ) . Levy et al. ( 1998 ) reported personal exposures to NO 2 in 18 cities in 15 countries, with the lowest average exposure to NO 2 of 11 ppb ($22 g/m 3 , NTP ) measured in Geneva, Switzerland ( n= 32 ), and the highest exposure of 52 ppb ( $103 g/m 3 , NTP ) in Sosnowiec, Poland (n =15). EXPOLIS -Helsinki participants living downtown had 23% higher personal exposure to NO 2 than those living in suburban areas ( difference in geometric mean = 7 g/m 3 ). In a study by Alm et al. (1998 ) among preschool children in Helsinki, children from downtown day care centers were also exposed to higher weekly personal exposures to NO 2 than children from suburban day care centers ( difference in geometric mean =9 g/m 3 ). While exposures of adults were higher compared to children, average exposure differences between adults residing in suburban and downtown areas were lower, possibly because adults move more within the city, and thus are exposed to higher concentrations in traffic and to the mixture of different concentration levels across the city. Home location was also found to be a determinant of PM 2.5 exposures (Koistinen et al., 2000 ) .
Living in a residence built before 1970 was associated with 24% increase in average personal exposure to NO 2 of adults in Helsinki compared to those living in more recent buildings ( 30 and 23 g/m 3 , respectively ) . High traffic volume near home was associated with 22% increase in personal exposures. Other living conditions, like high -rise buildings and small ( <60 m 2 ) apartments, were associated with increased personal exposure differences in EXPOLISHelsinki. These factors that increase average exposures to NO 2 are all associated with each other and relate to living in the downtown area ( small residences with gas stoves, in old high -rise buildings surrounded by high traffic ) with high concentrations. In addition, association of the number of adults in a household with personal exposures to NO 2 indicates differences in living conditions. Single adults live more often in smaller apartments in older high -rise buildings close to main streets, and are more exposed on average than those living in larger households, usually in the suburbs and more distant from main streets and arteries. Unlike NO 2 , no PM 2.5 exposure differences were associated with the age of the residence (Koistinen et al., 2000 ) , however, or with the number of adults in the household ( Rotko et al., 2000b) probably because PM 2.5 is more evenly distributed within the city than NO 2 .
Use of a gas stove was associated with the largest increase in personal exposures to NO 2 in EXPOLISHelsinki. In addition, the presence of ETS in the residence was associated with a small increase in personal exposures to NO 2 . Similar determinants of personal exposures to NO 2 were also found among children in Helsinki (Alm et al., 1998 ) . In several studies, also other gas appliances and kerosene heaters have been shown to increase NO 2 exposures (Dockery et al., 1981; Noy et al., 1986; Quackenboss et al., 1986; Spengler et al., 1994 ) , but they are almost non-existent in Finland. For PM 2.5 exposure, gas stove had only a minor impact, but ETS was the strongest determinant (Koistinen et al., 2000 ) . In EXPOLISHelsinki, no association was observed between the time spent in commuting and increased personal exposures to NO 2 , although Levy et al. (1998 ) reported a slightly increased exposure of 2 ppb ($4 g/m 3 , NTP ) for those commuting more than 1 h per day. Smoking and other short -term sources like commuting might be difficult to detect in personal exposures to NO 2 because concentrations are averaged over the whole 48-h sampling period.
Average exposures to NO 2 were higher in summer (April ±September ) than in winter (October ± March ) in EXPOLIS -Helsinki. Also average personal exposures to NO 2 of children in Helsinki were higher in spring (April ± May ) compared to winter ( January± March ) in downtown areas, but independent of the season in suburban areas (Alm et al., 1998 ) . In contrast, no significant differences in personal exposures to NO 2 were found between summer (April ±September ) and winter (October ± March ) in Switzerland (Monn et al., 1998 ) . In addition, keeping windows open ( ! 20 h /48 h ), which occurs mostly during summer in Finland, was associated with increased exposure to NO 2 . There are two possible explanations: (1 ) open windows allow the passage of NO 2 from the outdoor into the indoor environment, which increases indoor NO 2 levels, and (2 ) weather conditions favoring elevated ambient air NO 2 levels may also favor keeping windows open, i.e., sunny, warm and calm days. These findings were quite similar for exposures to PM 2.5 in Helsinki (Koistinen et al., 2000 ) .
Lower socioeconomic groups are exposed to PM 2.5 concentrations double those of higher socioeconomic groups (Rotko et al., 2000b ) . Unlike PM 2.5 exposures, however, personal exposures to NO 2 were not associated with age or occupational status, in agreement with earlier results of Alm et al. (1998 ) , who reported mother's or father's education not affecting exposure of preschool children to NO 2 . Neas et al. (1991 ) , however, reported that NO 2 concentrations were higher in homes with lower parental education and single -parent family status. While residential areas are associated with different exposures to NO 2 , the same is not true for sociodemographic factors, which indicates that Helsinki residential areas are not strongly segregated socioeconomically and suburbs of Helsinki include both low -income municipal rental apartments and large and expensive single family housing. Similarly, downtown areas include housing from the most expensive to socially supported. This cannot be generalized, however, to other cities. Unemployment is associated with reduced personal exposures to NO 2 , especially for men, as those who are employed (especially those with less than 14 years of education ) are more likely to be exposed during commuting to work and to higher ambient NO 2 levels in workplace areas than those not employed. Thus, working conditions appear to increase NO 2 exposure. Interestingly, for PM 2.5 exposure in Helsinki, unemployed women had lower exposures, but unemployed men experienced higher exposures than employed men (Rotko et al., 2000b ) . It seems that whatever increased average exposures of unemployed men to PM 2.5 did not increase their exposure to NO 2 .
Personal NO 2 exposures depend on microenvironmental concentration levels; 40% of the variation of personal exposures was explained by residential outdoor concentrations, 45% by residential indoor and 55% by work indoor concentrations in Helsinki (Kousa et al., 2001 ) . Although the present paper focuses on the questionnaire variables, residential outdoor concentrations and fixed -site NO 2 concentrations (commonly used in epidemiological studies ) were included in the multiple regression models to be able to evaluate the relative significance of the different variables. Multiple stepwise regression analysis excluded all other questionnaire variables except built year of home and home and work location from the model with fixed -site NO 2 concentration, and keeping windows open and education level from the model with residential outdoor NO 2 concentration. Thus, information of living conditions is beneficial when assessing personal NO 2 exposures on the basis of ambient fixed -site concentrations. If residential outdoor concentration data are available, additional information characterizing the residential environment becomes unimportant, but information on personal characteristics does improve model prediction.
Conclusion
Although absolute differences between sub -populations identified by these factors were small, most were significant and the relative differences were larger than 20% for six factors. The most important factors associated with higher personal exposures to NO 2 in Helsinki were those related to living near a city center, i.e., home and work location downtown, residing in a building built before 1970, high traffic volume near the home and use of gas stoves. In addition, keeping windows open was associated with increased exposures to NO 2 both causally by increasing the I/O ratio, and coincidentally by opening windows coinciding with high ambient levels. Moreover, as this study was population -based, these results reflect exposure differences within the larger population of Helsinki.
